Abstract. The objective of this study was to investigate the pH-dependent solubility and dissolution of weakly basic Biopharmaceutical Classification Systems (BCS) class II drugs, characterized by low solubility and high permeability, using carvedilol, a weak base with a pK a value of 7.8, as a model drug. A series of solubility and in vitro dissolution studies was carried out using media that simulate the gastric and intestinal fluids and cover the physiological pH range of the GI from 1.2 to 7.8. The effect of ionic strength, buffer capacity, and buffer species of the dissolution media on the solubility and dissolution behavior of carvedilol was also investigated. The study revealed that carvedilol exhibited a typical weak base pH-dependent solubility profile with a high solubility at low pH (545.1-2591.4 μg/mL within the pH range 1.2-5.0) and low solubility at high pH (5.8-51.9 μg/mL within the pH range 6.5-7.8). The dissolution behavior of carvedilol was consistent with the solubility results, where carvedilol release was complete (95.8-98.2% released within 60 min) in media simulating the gastric fluid (pH 1.2-5.0) and relatively low (15.9-86.2% released within 240 min) in media simulating the intestinal fluid (pH 6.5-7.8). It was found that the buffer species of the dissolution media may influence the solubility and consequently the percentage of carvedilol released by forming carvedilol salts of varying solubilities. Carvedilol solubility and dissolution decreased with increasing ionic strength, while lowering the buffer capacity resulted in a decrease in carvedilol solubility and dissolution rate.
INTRODUCTION
The dissolution of low-solubility and high-permeability, Biopharmaceutical Classification Systems (BCS) class II drugs, is rate-limiting to oral absorption (1) (2) (3) . Weakly basic BCS class II drugs such as carvedilol ( Fig. 1 ) exhibit a complex solubility pattern due to the pH gradient in the gastrointestinal (GI) fluid during transition from the stomach to the intestine. This class of drugs favors ionization and adequate solubilization in the stomach at low pH (4) . However, reaching the intestinal environment (high pH), drug precipitation may occur due to its lower aqueous solubility (4, 5) . Carvedilol, a nonselective beta blocker/alpha-1 blocker, is indicated in the treatment of mild to severe congestive heart failure and high blood pressure. It has a log P value of 3.8 with a basic pK a of 7.8 (6) and an acidic pK a of 15.0 (calculated using ChemAxon software). Carvedilol exhibits pH-dependent solubility (7) . It dissolves in the acidic pH of the stomach, as it is presented in its ionized form. However, in basic pH, carvedilol may precipitate in the distal small intestine (6, 8, 9) . Stillhart et al., for example, found that 78.2-91.8% of carvedilol precipitates in a crystalline or amorphous form under digestion condition (9) . Due to its poor aqueous solubility, carvedilol exhibits very low bioavailability (10, 11) . The oral absorption of carvedilol was predicted using GastroPlus™ simulation to be~45.9% (6) .
In general, dissolution of BCS class II drugs is dependent on a wide variety of physiological factors. pH, ionic strength, and buffer capacity are three major characteristics of the GI fluids that can affect the rate of drug release (2, 12) . Typical pH values in the stomach in the fasted state are within the range of 1.4-2.1. In the fed state, the pH of gastric fluid increases to 3.0-7.0 immediately following a meal, depending on its composition (1) . The ionic strength of the gastric fluid is estimated to be in the range of 0.051-0.151 mol/L, with a median of 0.095 mol/L (13) . The buffer capacity of human gastric fluids was found to be within the range from 0.013 to 0.019 M/ΔpH in the fasted state (14) and approximately 0.028 M/ΔpH in the fed state (15) . On the other hand, the pH values in the small intestine gradually rise between the duodenum and ileum to a range of 5.5-8.3, depending on the location and fed and fasted states (1, 14, 16) . This increase in pH is due to the neutralization of acid coming from the stomach with bicarbonate ions secreted by the pancreas (1, 12) . The ionic strength of the intestinal fluid was found to be within the range of 0.070-0.166 mol/L (17) . The buffer capacity values for human intestinal fluids in the fasted and fed states were reported to be 0.003 and 0.013 M/ΔpH, respectively (18) . Kalantzi et al. measured the buffer capacity of human duodenal aspirates and found that the median buffer capacity in the fasted duodenum was 0.006 M/ΔpH, which was increased to 0.018-0.030 M/ΔpH in the fed state (15) .
Since the physiology of GI fluids, such as pH, buffer capacity, and ionic strength, varies as a function of food intake and location within the gastrointestinal tract, studying the influence of these factors on the solubility and dissolution of the weakly basic BCS class II drugs in the GI environment is of considerable interest. The objective of the present work was therefore to study the pH-dependent solubility and dissolution behavior of the weakly basic BCS class II drug carvedilol in simulated gastric and intestinal fluids that cover the physiological pH range of GI fluids from pH 1.2 to pH 7.8. We also investigated the effect of buffer species, ionic strength, and buffer capacity on the solubility and dissolution behavior of carvedilol from Dilatrend ® immediate-release tablets. Our study provides a better understanding of the solubility and in vitro dissolution behavior of weakly basic BCS class II drugs represented by carvedilol under the physiological pH range of GI fluids. Such understanding serves to improve our knowledge of the dissolution and precipitation behavior of these drugs in the intestine and provide guidance on the development of predictive dissolution methods with improved in vitro-in vivo correlations.
MATERIALS AND METHODS

Materials
Carvedilol powder (100.3% purity and 0.1% total impurities; Moehs Catalana, S. L., Barcelona, Spain) was provided as a gift from Hikma Pharmaceuticals (Amman, Jordan). No further confirmatory methods were done in our laboratory to substantiate the purity. Dilatrend ® immediate-release (IR) tablets, 25 mg carvedilol (ROCHE Australia, lot # M2049B01), were purchased from the market. Sodium dihydrogen phosphate (NaH 2 PO 4 ) and disodium hydrogen phosphate (Na 2 HPO 4 ) were purchased from Sigma-Aldrich (Germany); potassium dihydrogen phosphate (KH 2 PO 4 ), sodium hydroxide (NaOH), and sodium chloride (NaCl) were purchased from Riedel-de Haën (Germany); acetic acid (CH 3 COOH) was purchased from ACROS (USA); sodium acetate trihydrate (CH 3 COONa·3H 2 O) was purchased from Fluka (USA); and hydrochloric acid (HCl, 37% w/v) was purchased from GFS Chemicals (USA). Double-distilled water was obtained using a GFL water distilling apparatus (Germany). All chemical reagents were of analytical grade.
Media Used for Solubility and Dissolution Studies
Simulated gastric and intestinal fluids were prepared and used in this study. Dissolution media that were used to simulate the gastric fluid are (a) 0.7% HCl (USP (22) . In this study, the word Bblank^refers to dissolution media prepared without the addition of enzymes, surfactants, or bile salts.
In addition to the standard compendial media, simulated intestinal fluid using phosphate buffers of pH 6.8 was prepared using different buffer concentrations (6.25, 12.5, 25, 50 , and 100 mM) to obtain media with variable ionic strengths and buffer capacities. Phosphate buffer (100 mM, pH 6.8) was prepared according to the Sigma-Aldrich Buffer Reference Center. Double-distilled water of zero ionic strength and zero buffer capacity was used as a control. Phosphate buffers of pH 7.2 and 7.8 media were also prepared according to the Sigma-Aldrich Buffer Reference Center to simulate the pH during the fasted state of the proximal ileum (1, 23) and colon (24) , respectively. The detailed chemical composition and physicochemical properties (pH, ionic strength, and buffer capacity) of the media used in this study are summarized in Tables I, II , III, and IV.
Physicochemical Properties of the Media
The pH of the media was measured using a pH meter (Mettler Toledo, USA). The pH meter was calibrated before each measurement. The ionic strength of the solubility and dissolution media was calculated using Eq. (1) (25) . The summation symbol, Σ, indicates that the products of cz 2 terms of all the ionic species in the solution, from the first one to the Jth species, are to be added together.
The Van Slyke Eq. (2) (21) was used to calculate the buffer capacity of the media: 
Solubility Studies
The solubility of pure carvedilol was determined in all dissolution media. Briefly, excess amount of carvedilol powder was added to beakers containing 50 mL of the media. The beakers were placed in a shaking water bath rotating at 50 rpm and maintained at 37±1°C. The pH of the solution was continuously checked using a calibrated pH meter (Mettler Toledo, USA) and adjusted, if necessary, to the original pH of the tested medium. A 5-mL sample was withdrawn after 1, 2, 4, 6, and 24 h. The samples were centrifuged at 3500 rpm for 15 min and the supernatant was diluted appropriately with the tested medium. The concentration of carved i l o l i n e a c h s a m p l e w a s d e t e r m i n e d u s i n g U V spectrophotometry (Varian, Cary 50 UV/VIS spectrophotometer, USA) at 285 nm using a standard calibration curve of carvedilol prepared using the tested medium. The solubility of carvedilol in each medium was performed at least in triplicate with a standard deviation (SD) less than 10%. The ratio of solubility (C S ) to drug concentration (C D ), expressed as C S / C D , was calculated to represent the sink condition (S value). According to USP, an S value >3 is considered as sink condition (26) . The percentage of carvedilol in the ionized form at various pH values was calculated based on HendersonHasselbalch using Eq. (3) (27) .
where pH pH value of the dissolution medium pK a Negative logarithm of the dissociation constant (K a ) of carvedilol
Estimation of Carvedilol in Dilatrend ® Tablets
The assay of carvedilol was determined using UV-VIS spectrophotometry. Briefly, ten tablets were crushed and a powder mass equivalent to 25 mg carvedilol was transferred to a volumetric flask of 100 mL. Ten milliliters of doubledistilled water, then 70 mL of methanol and 1 M HCl (9:1 v/v) were added to the flask. The flask was placed in a sonicator for 30 min. The volume was completed up to 100 mL using methanol and 1 M HCl (9:1 v/v). The sample was 
Dissolution Studies
Dissolution tests were performed using a calibrated USP apparatus type II (Varian, VK 7000) fitted with an autosampling station consisting of a VK810 peristaltic pump and a VK750 digitally controlled heater/circulator. The dissolution apparatus was connected to a UV spectrophotometer (Cary 50, UV-VIS spectrophotometer). Paddles were rotating at 50 rpm. Dissolution was performed using 900 mL of dissolution medium, maintained at 37±0.5°C. Samples were taken automatically at 5, 10, 15, 30, 45, 60, 75, 90, 105, 120, 150, 180, 210, and 240 min and passed through a 45-μm polyethylene filter (SUN-SRi, Rockwood, TN, USA). The sample volume was 15 mL, sufficiently enough to flush the filter before making the UV measurement. However, to evaluate carvedilol adsorption to polyethylene filters, a dissolution test of carvedilol powder in 0.7% HCl dissolution medium (USP 38, pH 1.45) was performed at a concentration similar to that found in Dilatrend ® tablets and under similar dissolution conditions of those of Dilatrend ® tablets. Filter tips were securely fitted at the end of the cannulas of three dissolution vessels, and the other three vessels were kept without filters. The UV absorption of filtered and unfiltered carvedilol solutions was measured at different time intervals. No significant loss of carvedilol was observed after filtration and the carvedilol recovery was >99.0%. The auto-sampling system pulls the sample into the flow cell, measures the absorbance of the sample, and then returns it to the vessel. Thus, no correction was made for the drug quantity removed during sample and no replacement of sample volume was needed. The absorbance was measured at 285 nm. To evaluate tablet excipient interference, a blend of table excipients consisting of sucrose, lactose, povidone, crospovidone, colloidal silicone dioxide, and magnesium stearate (Data Sheet, Dilatrend ® , Roche) included in the Dilatrend ® tablets was prepared. The dissolution test for tablet excipients (n=6) was performed in 0.7% HCl dissolution medium (USP 38, pH 1.45) at concentrations similar to those found in Dilatrend ® tablets and under similar dissolution conditions as those of Dilatrend ® tablets. The absorbance of the excipient samples at 285 nm was reported to be zero, indicating no excipient interference. The amount of carvedilol released from Dilatrend ® immediaterelease tablets was calculated against standard calibration curves of carvedilol in each dissolution medium, and the percentage of carvedilol released versus time profiles were constructed. The pH of the dissolution media in each vessel was continuously monitored and recorded throughout the dissolution experiments. The difference in dissolution profiles was compared using the similarity factor (f 2 ) calculated using Eq. (4) (28).
where n Number of sampling points R j , T j Percent of the reference and test products dissolved at time point j, respectively If the f 2 value was less than 50, then the dissolution profiles were considered significantly different. If f 2 was between 50 and 100, the dissolution profiles were considered similar.
RESULTS AND DISCUSSION
Solubility Studies
Carvedilol exhibits a high percentage of ionization along the physiological pH range of GI fluids ranging from 50 to (Table V) . The high percentage of ionized carvedilol (protonated free base) suggests the formation of salts with the anion of buffer systems, which may affect the solubility product of the weakly basic drug (10, 11, 29) . Therefore, the selection of the anion of the buffer system (buffer species) may be important for the in vitro dissolution studies of carvedilol. As shown in Fig. 1 , the NH group of carbazole in carvedilol is acidic of pK a of 15.0 (calculated using ChemAxon software) because the lone pair of electrons is involved in aromatization. Thus, the N-H bond of carbazole is weak; hydrogen is easily hydrolyzed as H + (acidic proton). Contrarily, the aliphatic secondary amine is weakly basic of pK a =7.8 (6) due to the electronegativity of the surrounding oxygen atoms and the bulkiness of attached alkyl groups harboring aromatic rings on two wings. Interestingly, the amphoteric characteristic (having both acidic and basic moieties) of carvedilol describes its ionization pattern. In acidic pH medium, the aliphatic NH is ionized forming a cationic center, whereas in basic pH medium, the carbazole NH is ionized forming an anionic center. Therefore, harboring a zwitterion characteristic demonstrates its solubility manner.
Carvedilol drug substance (solid state) is stable when exposed to heat (80°C for 14 days), heat and relative humidity (RH) (40°C and 75% RH for 14 days), and UV-VIS light (1.3×10 6 lx h). Degradation products were found to be less than 0.05% under these conditions. In addition, it has been shown that carvedilol solution is stable in acidic (0.1 N HCl, 60°C for 4 h), basic (0.1 N NaOH, 60°C for 4 h), UV-VIS light (1.3×10 6 lx h, water), and heat (60°C, water for 4 h), where no individual degradation product >0.06% was generated under these stress conditions (30) . In another study (31) , no significant degradation products were observed after exposure of carvedilol, both as solid state and methanolic solutions, to acid (1 N HCl solution, 90°C for 6 h), neutral (water, 90°C for 6 h), and photolytic (UVC-254 nm 30-W lamp, 25°C for 7 days) conditions, carried out according to ICH guideline Q1A (R2). However, gradual degradation was observed in basic conditions (1 N NaOH, 90°C for 6 h).
Several studies used the same experimental method that was used in this work for assessing the solubility of carvedilol in different dissolution media (hydrochloric acid solution, pH 1.2; acid phthalate buffer, pH 3.0; acetate buffer, pH 4.5; and phosphate buffers, pH 5.8, 6.8, 7.4) and in water at 37±0.5°C until equilibrium was reached for 24 or 48 h (32-34). Samples were not protected from light during solubility analysis. The solid phase of the in situ salt formed during the solubility studies was not identified in this work.
The saturation solubility of carvedilol in all dissolution media is given in Table VI . Carvedilol with a pK a of 7.8 exhibits the typical pH-dependent solubility profile of a weak base with a high solubility in dissolution media of low pH, and low solubility in the dissolution media of high pH. It is worth noting that the saturation solubility of carvedilol was achieved within 1 h in the acidic media (pH 1.2-5.0). However, in the basic media (pH 6.5-7.8), the saturation solubility of carvedilol was achieved after 24 h. At pH 6.8, the solubility of carvedilol in phosphate buffers 25, 50, and 100 mM was~37% less compared to phosphate buffers 6.25 and 12.5 mM. Lower solubility of carvedilol in buffers at high salt concentrations might be related to the higher ionic strength values of the dissolution media, where it has been shown that solubility decreases with an increase in ionic strength (35, 36) . Furthermore, although more than 90% of carvedilol was in its protonated form at pH 6.8 (Table V) , the formation of the less soluble carvedilol phosphate salt, as reported by Loftsson (10) , significantly reduces the solubility of carvedilol in these dissolution media. Carvedilol shows a very low solubility at pH 7.2. At pH 7.8, the solubility dropped by 90% compared to its solubility at pH 6.8. The solubility of carvedilol in doubledistilled water of zero ionic strength and zero buffer capacity was also reduced by~45% compared to its solubility at pH 6.8.
Therefore, our solubility studies illustrate that carvedilol is more soluble in acidic media. This means that the basicity of the aliphatic NH, rather than the acidity of the carbazole NH, accounts for its solubility. Thus, the basic strength of the aliphatic NH is higher than the acidic strength of the carbazole NH and consequently drives its solubility in acetate buffer (pH 4.5) . Surprisingly, the solubility in acidic media is preferred particularly at pH 1.6 and 4.5 in fasting condition. The higher pH led to a decrease in solubility, as shown in pH 6.8 phosphate buffers. Altogether, the acidic pH medium is preferred for complete solubility of carvedilol. The calculated solubility (C S ) to dose (C D ) ratio (S value) for carvedilol resulted in values >3 in all acidic media, which indicates that they provided sink conditions. However, the S value was <3 in the basic media, indicating no sink condition (Table VI) . The poor solubility of carvedilol in the small intestine with no sink condition could account for the precipitation of carvedilol in the small intestine.
Carvedilol Content in Dilatrend ® Tablets
Carvedilol content in Dilatrend ® tablets was 99.7±2.2% (n=3), and the uniformity of Dilatrend ® tablets was between 98.5 and 100.5% (n=10).
Dissolution Studies
As shown in Fig. 2 , the rate of release of carvedilol from Dilatrend ® tablets in acidic dissolution media (0.7% HCl, SGFsp, blank FaSSGF, and blank FeSSGF) was rapid and nearly superimposable (f 2 >50) due to their low pH. Dissolution results were also consistent with carvedilol solubility data (Table VI) . Therefore, carvedilol is expected to dissolve quickly and completely in both the fasted-and fedstate conditions of the stomach.
Carvedilol release was complete and approached a plateau level within 60 min, achieving an average of 95.8, 97.2, 97.4, and 98.2% in 0.7% HCl, SGFsp, blank FaSSGF, and blank FeSSGF, respectively. Although blank FeSSGF exhibited higher pH values compared to 0.7% HCl, SGFsp, and blank FaSSGF (5.0 vs. 1.5, 1.2, and 1.6, respectively), the dissolution of carvedilol was complete. This might be attributed to the presence of acetate buffer in blank FeSSGF, which forms a water-soluble acetate salt (10) . Due to the low pH value of the dissolution media, the influence of ionic strength and buffer capacity was not prominent, indicating the important role of pH in determining the percentage of carvedilol released in acidic media.
The buffer composition of the dissolution media can nonetheless have an effect on the dissolution of drugs as seen with blank FeSSGF, where the presence of acetate enhances the dissolution rate. As shown in Fig. 3 , the rate of carvedilol release in acetate buffer was fast, with~39.2% of carvedilol released within 5 min and almost completely dissolved (97.4%) within the first 15 min. In acetate buffer (pH 4.5), 99.95% of carvedilol is in its protonated form (Table V) . Loftsson et al. (10) have reported that the protonated base would form a water-soluble salt with the anionic form of acetic acid, resulting in increased dissolution. Therefore, the dissolution rate of carvedilol was clearly dependent on pH and buffer species of the dissolution media.
When comparing the dissolution profiles of blank FaSSIF (pH 6.5) and blank FeSSIF (pH 5.0), the dissolution rate in blank FeSSIF was significantly faster (f 2 =39.7). After 240 min, however, the percentage of carvedilol released was equal (~86%) in both media. The increase in the dissolution rate of carvedilol in blank FeSSIF can be explained by the lower pH value of this medium compared to the blank FaSSIF (5.0 vs. 6.5). In addition, the presence of acetate buffer in blank FeSSIF would enhance carvedilol dissolution as has been reported by Loftsson et al. (10) . Unlike blank FaSSIF, the presence of NaCl and phosphate species resulted in the formation of the less soluble hydrochloride and phosphate carvedilol salts, thus reducing the rate of carvedilol dissolution in blank FaSSIF (10) .
In simulated intestinal fluids, the amount of carvedilol released was significantly reduced to 70.2 and 70.0% in the dissolution media SIFsp and 0.05 M phosphate buffer (IntPh3), respectively. The dissolution profiles of carvedilol in SIFsp and 0.05 M phosphate buffer (IntPh3) were superimposable (f 2 >50), indicating that the difference in the species composition of the two buffers (KH 2 PO 4 and NaOH in SIFsp vs. KH 2 PO 4 and Na 2 HPO 4 in 0.05 M phosphate buffer (IntPh3)) had no influence on the rate of carvedilol release. Since the pH and ionic strength of the two buffers were equivalent (Table II) , dissolution profiles were found to be similar. Although the buffer capacity of the 0.05 M phosphate buffer (IntPh3) was slightly higher than that of SIFsp, no difference in the dissolution profiles was observed. This is consistent with a previous study by Dressman et al. who found that SIFsp could be used interchangeably with 0.05 M phosphate buffer (IntPh3) in the dissolution testing of immediaterelease dosage forms (37) . Overall, acetate buffer and blank FeSSIF allowed for higher dissolution rate than blank FaSSIF, SIFsp, and 0.05 M phosphate buffer (IntPh3).
In general, while weak bases exhibit high dissolution rate in the stomach, they tend to supersaturate and precipitate when entering the small intestine. For carvedilol, less precipitation is expected in the duodenum and fed-state intestinal fluid as apparent from the dissolution results of carvedilol in acetate buffer pH 4.5 and blank FeSSIF. Nonetheless, SIFsp and 0.05 M phosphate buffer (IntPh3) remain commonly used as compendial dissolution media (7, 11, (38) (39) (40) (41) (42) .
To better understand the dissolution behavior of carvedilol in the intestinal fluid and to adequately predict its precipitation upon entry into the small intestine, the dissolution of carvedilol tablets in phosphate buffers of different ionic strengths and buffer capacities was tested. Figure 4a compares the dissolution profiles of carvedilol from Dilatrend ® tablets in phosphate buffers (pH 6.8) of different buffer concentrations (6.25, 12.5, 25, 50 , and 100 mM). Phosphate buffers vary in their ionic strengths and buffer capacities (Table III) . The dissolution profile of carvedilol in double-distilled water of zero ionic strength and zero buffer capacity was used as a reference. The ionic strength of phosphate buffers ranged from 0.013 to 0.200 mol/L, which covers the typical values of ionic strength of the human intestinal fluid (0.070-0.166 mol/L) (17) . Similarly, the buffer capacity of the phosphate buffers ranged from 0.003 to 0.047 M/ΔpH, which approximates the buffer capacity of the human intestinal fluid (0.003-0.030 M/ ΔpH) (15, 18) .
The rate of carvedilol release was slowest in doubledistilled water with only 36.2% of carvedilol released at 240 min. Due to the high pH value of the phosphate buffers (pH 6.8), no complete dissolution was observed for carvedilol, where only 69.6, 84.7, 80.3, 75.5, and 74.1% of carvedilol was released in 6.25, 12.5, 25, 50, and 100 mM buffers, respectively. Of the buffers, carvedilol release was lowest in 6.25 mM phosphate buffer (69.6% after 240 min). The dissolution profile of carvedilol in 6.25 mM was significantly different from its dissolution in 12.5, 25, 50, and 100 mM (f 2 <50). This might be due to the low buffer capacity of the 6.25 mM phosphate buffer (0.003 M/ΔpH). It has been found that lowering the buffer capacity of the dissolution media decreased drug solubility and hence the dissolution rate (43, 44) .
When the ionic strength increased in phosphate buffers 12.5, 25, 50, and 100 mM, the amount of drug released was slightly decreased in the order 12.5 mM (84.7%), 25 mM (80.3%), 50 mM (75.5%), and 100 mM (74.1%), after 240 min. Nonetheless, no significant difference was observed in their dissolution profiles (f 2 >50). These results were in agreement with Kincl et al. who studied the rate of diclofenac release from lipophilic matrix tablets in phosphate buffers with various ionic strengths (36). Kincl et al. found that the rate of diclofenac release decreased with increasing ionic strength. However, there was no significant difference between drug release profiles in phosphate buffers with high ionic strength (0.14-0.51 mol/L). The dissolution data were also in agreement with the solubility results. The almost equal solubilities of carvedilol in phosphate buffers 25, 50, and 100 mM seem to be consistent with their dissolution profiles, where no significant difference was observed in carvedilol dissolution behavior (f 2 >50). Despite equal solubility of carvedilol in phosphate buffers 6.25 and 12.5 mM, carvedilol exhibited higher dissolution rate in 12.5 mM than 6.25 mM. This might be attributed to the relatively higher buffer capacity of 12.5 mM compared to 6.25 mM. No significant difference Fig. 4 . a Dissolution profiles of carvedilol from Dilatrend ® tablets in phosphate buffers of pH 6.8 of various concentrations (6.25, 12.5, 25, 50, and 100 mM), and in double-distilled water. Data are represented as the mean±SD (n=5). b pH profiles during dissolution studies of carvedilol from Dilatrend ® tablets in phosphate buffers of pH 6.8 of various concentrations (6.25, 12.5, 25, 50 , and 100 mM). Data are represented as the mean±SD (n=5) Fig. 5 . Dissolution profiles of carvedilol from Dilatrend ® tablets in phosphate buffers 100 mM of pH 7.2 (n=3) and pH 7.8 (n=3). The dissolution profile of carvedilol in phosphate buffer 100 mM of pH 6.8 (n=5) was added to the figure for comparison. Data are represented as the mean±SD was observed (f 2 >50) in the dissolution profiles of carvedilol in phosphate buffers 12.5, 25, 50, and 100 mM; SIFsp; and 0.05 M phosphate buffer (IntPh3).
To confirm that the buffer capacity of the phosphate buffers, particularly those of low concentrations (6.25, 12.5, and 25 mM), was maintained throughout the dissolution experiment, the pH of the buffers was measured and is illustrated in Fig. 4b . The results show that the initial pH value of 6.80 was maintained throughout the dissolution experiments, with a maximum deviation of ±0.05 pH units/min from the initial pH value. Therefore, the results of the pH measurements confirm that phosphate buffers 12.5, 25, 50, and 100 mM maintained their buffer capacities. In phosphate buffer 6.25 mM, pH values deviated from the initial pH value reaching a maximum value of 6.93, indicating that the initial pH value was less precisely maintained throughout the dissolution experiment.
To further investigate the influence of pH on the rate of carvedilol release, dissolution studies were performed in phosphate buffer 100 mM of pH 7.2 and 7.8. Carvedilol release in these buffers was compared to its release in phosphate buffer 100 mM of pH 6.8 ( Fig. 5) . At pH 6.8, the maximum amount of carvedilol released was about 74.1% at 240 min. At pH 7.2, the dissolution rate was slower, where only 43.6% of carvedilol was released after 240 min. The dissolution rate of carvedilol was slowest at pH 7.8, where only 15.9% of carvedilol was released after 240 min. These results suggest that carvedilol exhibits poor dissolution in the distal small intestine and colon, making it a poor candidate for controlled-release dosage forms (11) . The dissolution results of carvedilol in these media were consistent with their solubility data (Table VI) .
CONCLUSIONS
This work focuses on studying the pH-dependent solubility and dissolution behavior of the weakly basic BCS class II model drug carvedilol which has a pK a value of 7.8. The solubility and percentage of carvedilol released in the in vitro dissolution studies were highest in media simulating the gastric fluid with low pH values. However, in media simulating the intestinal fluid, the solubility and percentage of carvedilol released were reduced dramatically, suggesting precipitation in the small intestine. It is evident that the solubility and dissolution of carvedilol are strongly dependent on pH. Carvedilol solubility and dissolution decreased with increasing ionic strength. Lowering buffer capacity resulted in a decrease in carvedilol solubility and hence dissolution rate. Buffer species significantly influenced the solubility and dissolution rate of carvedilol.
